The reconstitution of the bone marrow (BM) after hematoablative treatment is the therapeutic aim of BM transplantation (BMT). Primary or recurrent cytomegalovirus (CMV) infection is a problem in BMT patients for two reasons. Organ manifestations of human CMV disease, interstitial CMV pneumonia in particular, are a feared complication. In addition, human CMV infection is associated with an impaired graft acceptance and, in the most extreme case, with a complete graft failure. Insufficient reconstitution of the BM prolongs the period of immunodeficiency and thus promotes the progression of CMV organ disease in a vicious cycle. It is now widely assumed that CMV does not just profit from the hematoablation but actively contributes to its maintenance (reviewed in reference 4). Most details of the mechanism of CMV pathogenesis in the BM still need to be investigated. Until recently it was even unknown whether the hematopoietic cord is an in situ target site of CMV replication and which cells in the BM serve as targets for infection (29) .
In principle, CMV could infect cells of the two functional compartments of the BM, namely, the hematopoietic and stromal compartments. The hematopoietic compartment comprises stem and progenitor cells as well as their progeny in all hematopoietic differentiation lineages. These cells are mostly radiation sensitive and are therefore donor derived in post-BMT chimeras. It is established from the work of many that hematopoietic cells of the myelomonocytic lineage in particular can carry latent viral DNA without apparent cytopathic effects (9, 20, 21, 28, 31, 42) , but CMV infection may induce apoptosis of hematopoietic progenitor cells by upregulating the expression of Fas (32) . The stromal compartment comprises reticular stromal cells (RSC) and adipocytes that form a network that provides the matrix for the engraftment of the hematopoietic cells and that delivers cytokines, so-called hemopoietins, which are essential for hematopoiesis to occur in that they support the proliferation and differentiation of hematopoietic cells. The stromal cells are largely radiation resistant and are therefore recipient derived in post-BMT chimeras (reviewed in reference 3). Stromal cell types are the principal targets of productive CMV infection in long-term BM cultures with consequent cessation of in vitro hematopoiesis (1, 2, 24, 25, 41, 44) . The in vivo model of CMV aplastic anemia in BALB/c mice after hematoablative treatment and infection with murine CMV has revealed a BM aplasia represented by a failure in the regeneration of early hematopoietic progenitor cells (33, 35) . We have shown recently that the cellular target of CMV in the BM is the RSC that forms the stromal network (29) . Low virus productivity in the BM, a low number of RSC reaching the late phase of the viral replicative cycle, unchanged expression of housekeeping genes in stromal cells, and an unchanged amount of tdy gene in the stroma of infected female-into-male chimeras prompted us to conclude that the mechanism of CMV pathogenesis in the BM is neither a cytolytic disruption of the stromal network nor a direct effect of CMV replication on hemopoietin gene expression in infected RSC. Instead, an overall low level of stromal hemopoietin gene expression indicated a functional deficiency of BM stroma, uninfected bystander cells included, with consequent lack of support for hematopoietic stem and progenitor cells (29) .
Since the basal level of stromal hemopoietin gene expression was unknown, we could not decide whether the expression was downregulated by a CMV-induced negative regulator (i.e., the downregulation model) or whether CMV prevented an upregulation by a positive regulator (i.e., the lack-of-induction model). Such a positive regulator could be a signal delivered by incoming hematopoietic cells inducing the stroma to produce hemopoietins in a positive feedback mode. In this case, the primary defect caused by CMV would lie within hematopoietic cells (see Fig. 1 for an illustration of the two hypotheses). Even though the consequences are similar, distinguishing between the two models is crucial for the understanding of CMV pathogenesis in the BM and for the direction of future investigations. We have addressed this question by an in vivo titration of the putative hematopoietic inducer cells, that is, by performing experimental BMT with graded BM cell numbers. The results demonstrate that CMV infection inhibits the engraftment of donor BM cells in the recipient stroma and provide evidence favoring stromal hemopoietin downregulation as the explanation for the deficient hematopoietic reconstitution.
MATERIALS AND METHODS
Male-into-female BMT and infection. For major histocompatibility complex (MHC)-compatible BMT, male and female mice of the CMV-susceptible inbred strain BALB/c (MHC haplotype H-2 d ) were used at the age of 8 weeks as BM cell (BMC) donors and recipients, respectively. For hematoablative conditioning, recipients were total body gamma irradiated with a single dose of 7 Gy from a 137 Cs source. Donor femoral and tibial BMC were depleted of contaminating CD8 T cells by three cycles of treatment with rat anti-murine CD8 monoclonal antibody, clone YTS 169.4 (5), and magnetic beads coated with sheep anti-rat immunoglobulin (Dynabeads M-450; Dynal, Oslo, Norway) at a bead-to-cell ratio of 2:1. The indicated numbers of BMC were infused intravenously into the tail veins of recipients (33) at ca. 6 h after the irradiation. Infection with 10 5 PFU of purified murine CMV (23), strain Smith ATCC VR-194, was performed subcutaneously at the left hind footpad at ca. 2 h after BMT.
Quantitation of infectious virus in BMC suspensions.
The recently described reverse transcriptase PCR (RT-PCR)-based focus expansion assay was employed for quantitating low doses of infectious murine CMV (23) . In brief, BMC were flushed quantitatively out of femurs, and homogenates thereof were used in the indicated dilutions to infect permissive mouse embryofetal fibroblasts by the technique of centrifugal infection (16) . After 72 h of focus formation in culture, poly(A) ϩ RNA was isolated, and a fragment of 188 bp specific for exons 3 and 4 of the murine CMV immediate-early (IE) gene ie1 was amplified from 100 ng of the poly(A) ϩ RNA by RT-PCR and analyzed as described previously (23) . Histological analysis of BM reconstitution. On day 14 after BMT, femurs were fixed in 4% (vol/vol) formalin buffered at pH 7.4, and the bone substance was decalcified with 20% (wt/vol) EDTA for enzyme histochemistry or with 5% (wt/vol) trichloroacetic acid for hematoxylin-eosin (HE) staining and for immunohistochemistry (IHC) analysis. Paraffin sections of 2 m were dewaxed in xylene and processed for HE staining (hematoxylin for 8 min, eosin for 10 s) according to established procedures. The enzymatic activity of the specific esterase was used for histochemical staining of myelomonocytic cells, with naphthole AS-D chloroacetate (N0758; Sigma) as the substrate and with freshly diazotized pararosaniline (P3750; Sigma) for the red label. The counterstaining was done with hematoxylin for 1 min. IHC staining specific for the intranuclear viral IE1 protein pp89 (18) was performed as described previously (29) by using an indirect avidin-biotin-peroxidase complex method with diaminobenzidine for brown staining. The sections were counterstained with HE (hematoxylin for 4 min, eosin for 5 s). Negative controls included sections from uninfected tissues as well as replacement of the IE1 protein specific antibody by unrelated antibody of the same isotype in the staining of infected tissues.
Quantitation of male hematopoietic cells by Y-chromosome-specific PCR. Femoral and tibial BMC were washed in PBS-A (phosphate-buffered saline [PBS] devoid of Ca 2ϩ and Mg 2ϩ ). Contaminating erythrocytes were lysed by incubation in Gey's buffer. After extensive washing in PBS-A, cells were sedimented, and DNA was isolated by standard procedures of proteinase K digestion, phenol-chloroform-isoamyl alcohol extraction, and precipitation with ethanol. A 402-bp DNA fragment of the male-sex-determining gene tdy located at the Y chromosome (13) was amplified by PCR in 30 cycles essentially as described previously (29) , except that the PCR were performed in conically welled polycarbonate 96-well (0.17 ml) microplates (Omniplate 96; Hybaid Ltd., Teddington, Middlesex, England). Amplificates (20 l thereof) were vacuum dot blotted onto nylon membrane by using the Minifold dot blot manifold device (Schleicher & Schuell, Keene, N.H.) and hybridized with a ␥-32 P-end-labeled internal oligonucleotide probe. Controls in which the amplificates were analyzed by agarose gel electrophoresis and Southern blotting followed by autoradiography had verified that the probe hybridizes to a single band of correct size (not shown). Radioactivity per dot was measured with a digital phosphorimaging system (Fujifilm bioimaging system BAS 2500; Fuji, Tokyo, Japan) and is expressed in phosphostimulated luminescence units. Data analysis was performed by using Tina 2.10 software (Raytest, Straubenhardt, Germany).
Analysis of gene expression in hematopoietic cells. The expression of the stem cell factor receptor (SCF-R [also known as CD117 and c-Kit]) gene in hematopoietic cells was measured by RT-PCR on day 14 after BMT. Femoral and tibial BMC were washed twice in PBS-A and then dissolved in the extraction buffer of a QuickPrep-Micro mRNA purification kit (Pharmacia Biotech). Poly(A) ϩ RNA was purified with the kit by using oligo(dT)-cellulose affinity. Reverse transcription and subsequent amplification of the resulting cDNA were performed in essence as described previously (29) , but with some modifications that were found to significantly improve the sensitivity of detection. Specifically, primer annealing was performed at 58°C and oligonucleotides 5Ј-4361-4381 and 5Ј-4968-4947 were used as forward and reverse primers, respectively, resulting in an amplificate of 607 bp. Oligonucleotide 5Ј-4480-4500 was end labeled with ␥-32 P and served as the internal probe (34; GenBank accession no. Y00864).
Analysis of gene expression in stromal cells. In order to restrict the analysis to stromal cells, gene expression in radiation-sensitive hematopoietic cells was abolished by the strategy of second irradiation, the efficacy of which was demonstrated previously by the absence of SCF-R gene expression (29) . In brief, on day 13 after BMT, mice were again gamma irradiated with a dose of 7 Gy. After 24 h, that is, on day 14 after BMT, poly(A) ϩ RNA was isolated from the remaining BMC as outlined above. Gene expression in radiation-resistant stromal cells was analyzed by RT-PCR analyses specific for the genes encoding HPRT (hypoxanthine phosphoribosyltransferase), SCF, and CMV-IE1 (29) . None of these PCRs gave amplificates if reverse transcriptase was omitted. Amplification products of 163, 543, and 280 bp, respectively, were visualized by autoradiography after separation on agarose gels, Southern blotting, and hybridization with the respective ␥-32 P-end-labeled internal oligonucleotide probe. Cytofluorometric analysis of SCF-R cell membrane expression by hematopoietic cells. BMC were labeled with an affinity-purified phycoerythrin-conjugated rat anti-mouse CD117 monoclonal antibody (clone ACK45, no. 09995B; Pharmingen, San Diego, Calif.) as recommended by the supplier. Measurements were performed with a FACSort (Becton Dickinson, San Jose, Calif.) with CellQuest software (Becton Dickinson) for data processing. 
RESULTS

Lethality of CMV infection after MHC-compatible BMT.
It has previously been documented that murine CMV infection causes lethal CMV disease with multiple organ involvement provided that it is preceded by a hematoimmunoablative treatment abrogating the host's ability to develop a protective primary immune response (37; reviewed in reference 22). Accordingly, hematopoietic and lymphopoietic reconstitution by BMT should restore the capacity for controlling infection with an efficacy that is related to the efficacy of the reconstitution. To test this assumption in a murine model, we have used MHC compatible male-into-female BMT in a mouse strain that is genetically susceptible to murine CMV (26), namely, BALB/c (MHC haplotype H-2 d ). Increasing efficacy of reconstitution was experimentally forced by transplanting graded numbers of BMC. Accordingly, the survival rates after lethal hematoablative gamma irradiation with a dose of 7 Gy improved in uninfected recipients with increasing doses of transplanted donor BMC, and 10 6 donor BMC sufficed for prevention of mortality in a high percentage of the recipients (Fig. 2, upper row) . A concurrent infection with murine CMV had a negative impact on the overall survival rates after BMT. Specifically, survivors were not seen below a minimum of 10 6 donor BMC transplanted (Fig. 2 , lower row). It should be noted that survival rates in either type of sex-matched syngeneic BMT did not differ from the survival rates in sex-disparate male-into-female BMT, regardless of whether or not the recipients were infected (not shown). This indicates that the H-Y minor histocompatibility difference was not of pathogenetic significance in this particular model of transplantation and infection.
In conclusion, murine CMV infection has a significant pathogenic potential in an experimental setting of MHC-compatible BMT.
CMV inhibits the engraftment of donor BM cells in recipient stroma. Since CMV is a cytolytic virus that can cause multiple organ failure by direct tissue destruction, organ manifestations of CMV disease, such as interstitial pneumonia (37, 39) , cortical and medullary adrenalitis (36, 40) , and hepatitis (38) , could collectively account for the lethality of CMV infection after BMT and could thus explain the data shown in Fig.  2 . However, CMV infection of long-term BM cultures (reviewed in reference 4) and the in vivo model of lethal CMVinduced BM aplasia after sublethal hematoablative treatment in the absence of BMT (29, 33) have predicted an inhibition of hematopoiesis as an additional pathomechanism of CMV. Does this proposed pathomechanism apply also in the setting of MHC-compatible BMT? If so, CMV would directly interfere with the therapeutic aim of BMT, namely, the hematopoietic and lymphopoietic reconstitution of the recipient. This important question can be directly addressed in the model system of male-into-female BMT (Fig. 3A) . Hematoablative treatment of female recipients by gamma irradiation with a dose of 7 Gy affects the radiation-sensitive female (XX) hematopoietic cells but spares the radiation-resistant female BM stromal cells. By subsequent BMT with male donors, the female hematopoietic cells are replaced by male (XY) hematopoietic cells, whereas the male stromal cells are not transplantable (3, 29) . As a consequence, the amount of Y chromosome in the resulting XY-XX chimeras is a direct measure of the engraftment efficacy of the donor hematopoietic cells in recipient stroma. The Y chromosome was quantitated in DNA derived from the yield of femoral and tibial BMC on day 14 after BMT by a PCR specific for the male sex (testes)-determining gene tdy (13, 29) . The autoradiograph of the dot blot documents that increasing doses of donor BMC lead to increasing repopulation of recipient BM and that the amount of the tdy sequence is reduced in the BM of the infected group throughout the donor BMC titration (Fig. 3B ). For an accurate quantitation, the radioactivity per dot was counted by phosphorimaging, and the number of male cells was calculated from the linear portions of the graphs, e.g., as shown for the groups with the intermediate cell number (Fig. 3C) . The results from all experimental groups are compiled in a plot of calculated numbers of cells engrafted on day 14 versus the numbers of transplanted cells (Fig. 3D) . The increment of repopulation was thus found to be a ca. three-to fourfold increase in the number of cells engrafted on day 14 per 10-fold increase in the number of transplanted cells. Notably, this proved to be a linear function over the range of transplanted cell numbers tested, and this was true for uninfected as well as infected recipients. However, the repopulation efficacy was generally lower in infected recipients. Under the conditions of the documented example, the repopulation efficacy was reduced to about one-third of normal, with the notable exception of a complete graft failure after transplantation of Ͻ10 5 BMC. In conclusion, these data demonstrate an impaired day-14 engraftment of a BM transplant in recipients suffering from a concurrent CMV infection.
Direct visualization of engraftment and of graft failure. The approach of tdy gene quantitation was chosen for an objective determination of donor cell engraftment, thereby avoiding the technical problems imposed by residual female hematopoietic cells and by a microscopic discrimination between hematopoietic cells and stromal cells. It is nonetheless informative to note that the cell numbers determined by tdy gene-specific PCR were in fair accordance with the yields of BMC calculated by routine cell counting (not shown).
Histologic analysis of the femurs gives a direct visual impression of the success of engraftment. According to the tdy genespecific PCR, 10 4 transplanted cells contained hematopoietic progenitor cells that were able to engraft and to generate a detectable male progeny in uninfected female recipients but failed in infected recipients (compare with results in Fig. 3 ). These on-and-off conditions are precisely reflected by the histology (Fig. 4) . In uninfected recipients, foci of primordial reconstitution, so-called hematopoietic islands, are frequent in the stromal network of the hematopoietic cord on day 14 after BMT in a section of a femur (Fig. 4A1) . Morphological criteria combined with in situ cytochemical staining detecting the marker enzyme naphthol AS-D chloroacetate esterase, also known as specific esterase, identified red-stained myelomonocytic colonies (Fig. 4A2 ) and unstained erythroblastic colonies (Fig. 4A3) . By contrast, hematopoietic colonies did not develop in the BM stroma of infected recipients under otherwise identical experimental conditions. Accordingly, the stromal network remained empty, which defines a complete BM aplasia (Fig. 4B1) . Foci of infection were detectable in the aplastic BM by IHC staining of the intranuclear viral IE1 protein (Fig.  4B2) . When resolved to greater detail, the infected cells can be identified as RSC building up the stromal network (Fig. 4B3) . The fact that hematopoietic colonies were absent suggested to us that CMV infection indeed prevented a successful engraftment of transplanted hematopoietic cells.
Hematopoietic myeloid sublineages are differentially affected by CMV infection. Quantitative in situ cytochemistry (see Fig. 4 ) was employed to discriminate and enumerate cells of the myelomonocytic and the erythroid sublineages of the myeloid lineage by positive (red) and negative AS-D staining for specific esterase, respectively (Fig. 5) . For clarity, it should be recalled that cells of the lymphoid lineage are also negative for specific esterase but that erythroid cells outnumber lymphoid cells within the BM. Regarding the increment of day-14 BM repopulation after transplantation of increasing numbers of BMC, the total cell count in representative sections of femoral, tibial, and sternal BM was in good accordance with the tdy gene PCR assay (compare Fig. 5A and Fig. 3D ), even though the data were derived from independent experiments. In principle, both myeloid sublineages were affected by CMV (Fig. 5B  and C) . Notably, however, the erythroid reconstitution was more severely inhibited. This becomes apparent in particular at higher numbers of transplanted BMC.
Concurrent CMV infection does not prevent the early homing of transplanted cells. The term "engraftment" implies that donor-derived hematopoietic cells successfully repopulate the empty BM of the recipient. An absolute or relative graft failure can occur at three decisive steps: (i) the ingress of transplanted cells from the vascular-sinusoidal compartment into the BM, (ii) their homing in the BM stroma, and (iii) their clonal expansion and differentiation resulting in colony formation. An early functional damage of transplanted cells by a virus encounter within the vascular compartment was unlikely, since the intraplantar route of infection separated early local virus Femoral and tibial BMC of five chimeras per group were harvested on day 14 after BMT, and total cellular DNA was isolated, purified, and titrated for a tdy gene-specific PCR. The titrations started with a 1:16 aliquot of the DNA yield of one femur plus one tibia. As a negative control, BMC-derived DNA from female BALB/c mice (lane XX-DNA) was titrated and subjected to tdy gene-specific PCR accordingly. PCR with no template DNA served as a second negative control. BMC-derived DNA from male BALB/c mice (lane XY-DNA) was titrated as a positive reference for the quantitation. The autoradiograph of the dot blot obtained after hybridization of the amplificates with a ␥-32 P-end-labeled internal oligonucleotide probe is shown. (C) Comparison of BM repopulation efficacy in the absence and presence of infection. For quantitation of radioactivity, the dot blot was subjected to phosphorimaging. The log-log plot of radioactivity per dot (ordinate) versus the DNA dilutions (lower abscissa) is shown, as documented for the groups with replication and migration of intravenously transplanted cells spatially and temporally. The approach of male-into-female BMT followed by the tdy gene PCR assay was used to determine the kinetics of the repopulation after transplantation of 10 5 BMC (Fig. 6) . After 2 days, transplanted male cells were not present in the recipient BM in numbers detectable by this assay, although ingress and homing of hematopoietic stem and progenitor cells should be completed by that time. Male he- matopoiesis became visible on day 6 in both groups of recipients, but the numbers of repopulating cells diverged with time. It is worth recalling that infectious virus in organs, the BM included, does not reach detectable levels before day 6 after intraplantar infection (29, 33, 37) . Thus, as observed in previous work in a model of endogenous BM reconstitution (33), the inhibition of BM repopulation coincides with the onset of virus replication in host tissues. In conclusion, CMV infection interferes with successful engraftment of transplanted cells mainly by an inhibition of colony growth. This interpretation would be compatible with a deficiency in the support provided by stroma-derived growth-promoting hemopoietins.
The expression of SCF-R in reconstituting BM reflects absolute differences in the numbers of engrafted cells. The tdy gene assay has quantitated the entire male progeny of engrafted hematopoietic cells irrespective of the differentiation stage of the cells. Hematopoietic stem and progenitor cells express SCF-R, also known as CD117 or c-Kit (reviewed in reference 45). Quantitation of c-kit gene expression in the BM by RT-PCR was therefore employed to test whether the pool of stem and progenitor cells was diminished during CMV infection (Fig. 7) . Differences in the number of c-kit transcripts may comprise differences in the number of SCF-R-expressing cells, in the transcription rate of c-kit, and in transcript stability. The low level of c-kit transcription in the group with no infection and no BMT ( Fig. 7 ; left panel, upper lane) identified residual female hematopoiesis that was by approach invisible in the tdy gene assay. In agreement with our previous work (29) , this endogenous reconstitution was prevented by the infection ( Fig. 7; center panel, upper lane) . Notably, after BMT with graded cell numbers, the amounts on day 14 of c-kit transcripts, as determined from the linear portions of the titrations, largely paralleled the absolute differences in progeny cell numbers determined by the quantitative histological analysis of BM repopulation (compare graphs in Fig. 5 and 7) . In an attempt to measure relative differences in the numbers of SCF-R-positive cells and/or in the expression of membrane SCF-R per cell, cytofluorometric analysis of CD117 in reconstituting BM was performed on day 14 after transplantation of 10 5 BMC (Fig. 8) . Normal BM of adult BALB/c mice served as a reference. In this positive control BM, SCF-R high -expressing cells are contained within a cell population characterized by small size and low granularity, and they form a distinct peak (Fig. 8, left panel) . The frequency of the SCF-R-positive cells in this steady-state BM was in good accordance with data reported for BALB/c BM (17) . Such a population of SCF-R high -expressing cells was undetectable in reconstituting BM irrespective of whether or not the recipients were infected (Fig.  8, center and right panels) . We therefore conclude that the frequency of SCF-R-positive cells is very low at this early stage of BM reconstitution and that the absolute differences observed for the c-kit gene expression reflect absolute differences in stem and progenitor cell numbers rather than differences in their frequencies or in their levels of SCF-R membrane expression.
Effect of BM reconstitution on the infection of BM stroma. Whereas the efficacy of BM cell engraftment was generally reduced in the infected recipients, a dose-dependent engraftment did occur at higher cell numbers (recall Fig. 3 and 5 ). This finding is not easily explained by the theory of a functional deficiency of the stroma. Why should the stroma be unable to support the engraftment of low numbers of hematopoietic cells while being able to nourish higher numbers? It appeared to us RNA followed by RT-PCR specific for the ie1 transcript (Fig.  9, left panel) . Second, infectious virus present in femoral BM, which includes stromal and hematopoietic cells, was quantitated on day 14 by the infection of permissive indicator cells (Fig. 9, right panel) . Since virus productivity in the BM is known to be low (29) , the conventional plaque assay was replaced by the more sensitive RT-PCR-based focus expansion assay, an assay that detects infectivity by detecting viral transcription after several rounds of viral replication in indicator cultures inoculated with as few as five virions (23) . At a glance, the viral gene expression in the BM stroma and the amount of infectious virus in the BM were independent of the number of transplanted BMC over a wide range (Fig. 9 ). While the data may indicate an onset of antiviral control for 10 6 transplanted BMC, the marked difference in the BM repopulation efficacy observed after transplantation of 10 4 and 10 5 BMC (recall Fig.  3 , 5, and 7) is definitely not explained by a difference in BM infection. It is worth mentioning that this conclusion is also supported by immunohistological quantitation of infected cells in tissues (not shown), as well as by virus titers measured in various organs (33) . However, it is important to emphasize that all this applies only to the early period after BMT, whereas, beginning with the third week, reconstituting CD8 T cells control the infection and are essential for the survival observed after transplantation of 10 6 BM cells (recall Fig. 2 ) (43). In conclusion, the successful early engraftment seen on day 14 for higher numbers of transplanted cells is not explained by a control of the infection.
The efficacy of hematopoietic reconstitution correlates with stromal function. According to our previous work (29) , CMVinduced BM aplasia is associated with a stromal deficiency in the expression of various essential hemopoietins, including the counter-receptor of SCF-R, the SCF, also known as Kit ligand or Steel factor (45) . The downregulation of stromal SCF gene expression by CMV is again documented (Fig. 10) . The finding that infected BM is repopulated after transplantation of higher doses of BMC demanded an increased expression of SCF in the respective recipients. This was indeed what we found (Fig.  10, right panel) , even though the infection was not controlled (Fig. 9 ) and even though transplanted hematopoietic cells did not induce SCF transcription in uninfected stroma (Fig. 10, left  panel) . We therefore propose that the BMC dose-dependent recovery of SCF transcription observed in infected stroma does not reflect induction of SCF transcription by hematopoietic cells but rather a prevention of its downregulation.
In conclusion, transplanted BMC appear to protect the recipient stroma by a mechanism that is unrelated to the control of infection.
DISCUSSION
A link between CMV infection and insufficient hematopoietic reconstitution after BMT is established clinical experience for human CMV (8, 10) . However, from the clinical data it could not be decided whether in the respective patients a graft failure of unrelated etiology had promoted CMV disease or whether CMV infection had caused the graft failure. The observation of myelosuppressive effects of human and murine CMV infection in vitro, namely, in long-term BM cultures supporting primarily the myelomonocytic differentiation lineage that yields mature monocytes and neutrophilic granulocytes, has prompted the hypothesis that CMV interferes with hematopoiesis (reviewed in reference 4). Further support was provided by murine models of CMV infection demonstrating myelosuppression in vivo (11, 32, 33, 35) . Our recent work on lethal BM aplasia after murine CMV infection has given evidence for the prevention of endogenous hematopoietic reconstitution by a functional deficiency of the BM stroma regarding the expression of essential hemopoietins, such as SCF, interleukin-6, and granulocyte colony-stimulating factor (29) . Collectively, these in vitro and in vivo data have strongly suggested a pathomechanism for CMV affecting specifically the supportive stromal microenvironment in the BM. However, to date, proof was missing that this all applies to the specific conditions in the setting of BMT, where exogenous hematopoietic cells have to repopulate recipient BM. One has to consider the possibility that the transplant itself may modulate the infection or protect the recipient stroma by other means. The results presented here have helped us to answer some of the open questions.
The data have definitively shown that CMV infection inhibits the engraftment of the transplanted hematopoietic cells and can, in the extreme case, cause a complete graft failure. CMV infection thus interferes directly with the therapeutic aim of BMT.
Successful engraftment implies that intravenously transplanted hematopoietic cells migrate from the vascular compartment into the hematopoietic cord, settle there in the stromal network, and grow out to form hematopoietic colonies repopulating the BM. The tdy gene assay did not detect male cells in the BM of the recipients on day 2 after BMT (Fig. 6) ; that is, the actually transplanted cells are not visible in this assay. This is explained by the known fact that only a minority of the transplanted cells represent SCF-R expressing stem and progenitor cells (see also Fig. 8 ) capable of invading and repopulating the BM. The assay thus measures the progeny of the transplanted hematopoietic cells, which became detectable by day 6 (Fig. 6 ). Ingress and egress across the marrow-blood barrier are highly selective events that are thought to require specific interaction between hematopoietic cells and capillary or sinusoidal endothelium at the sites of entry or exit (12, 27) . CMV infection could intervene at this crucial step. However, as we have documented previously (29, 33) and have reproduced here (Fig.  7) , CMV infection also inhibits the endogenous hematopoietic reconstitution originating from residual stem cells after incomplete hematoablative treatment. Per se, this finding did not exclude an influence of the infection on the ingress of transplanted cells, but it did indicate that there must exist a pathomechanism operating beyond that stage. In the present model, a beginning repopulation of recipient BM by a male donor progenitor cell progeny became visible on day 6 also in the infected recipients (Fig. 6 ), which implies a successful ingress, homing, and several rounds of proliferation. However, while in the uninfected recipients the reconstitution proceeded with time ( Fig. 6 ) and eventually resulted in histologically visible myeloid lineage colonies (Fig. 4A) , infection led to a stagnation in the growth of the progeny (Fig. 6 ), resulting in BM aplasia (Fig. 4B) or hypoplasia (Fig. 5) , depending on the experimental conditions. We therefore conclude that the infection interferes with hematopoiesis at the stage of clonal expansion, a conclusion that is compatible with the previous finding of a deficiency in stroma-derived growth-and differentiationpromoting hemopoietins, such as SCF, interleukin-6, and granulocyte colony-stimulating factor (29) .
An inhibition of colony growth could operate at the level of stem cell self-renewal, as well as at any later stage in the hematopoietic differentiation hierarchy. Cells expressing SCF-R are not identical to pluripotent stem cells, but they do include stem and early progenitor cells. If the renewal of the SCF-Rpositive cells is blocked, this necessarily also affects their progeny, and we would therefore expect an unchanged relative number of SCF-R-positive cells. By contrast, if the inhibition operates at a later stage, SCF-R-positive cells should accumulate relative to the progeny. We have found that the frequency of SCF-R high expressors is generally low in reconstituting BM and, specifically, we did not get any evidence for an accumulation of these cells in the infected BM (Fig. 8) . Instead, the amount of SCF-R transcripts in reconstituting BM paralleled the progeny size (Fig. 7) . These data are compatible with the interpretation that the inhibition by CMV affects the renewal of SCF-R-positive stem and progenitor cells.
The histological analysis of the early repopulation of the uninfected stroma has revealed spatially separated myelomonocytic and erythroblastic colonies. This indicates that those colonies arose from the respective myeloid sublineage-committed progenitors rather than from the common myeloid stem cells or from the pluripotent hematopoietic stem cells (PHSC). By definition, only the PHSC are capable of long-term selfrenewal and can thus stably repopulate the BM and give rise to all hematopoietic differentiation lineages. Estimates of the frequency of the PHSC in the BM of untreated mice range between 1 in 3 ϫ 10 4 BMC (19) and 1 in 1 ϫ 10 5 BMC, with some variance according to donor age (14) . It is thus obvious that the many colonies found in uninfected stroma on day 14 after transplantation of only 10 4 BMC (Fig. 4A1) represented the progeny of committed, relatively short-lived progenitor cells. Accordingly, all observations described here refer to progenitor cell engraftment rather than to stem cell engraftment. Even though the initial repopulation provided by committed progenitor cells does not lead to long-term reconstitution of the recipient, the immediate progenitor cell engraftment is crucial for survival after hematoablative treatment. As discussed previously by Keller (19) , the few PHSC do not generate significant numbers of differentiated progeny immediately following transplantation. It takes at least 1 month before progeny of the PHSC emerge in the BM. As a consequence, PHSC are unable to provide the rapid reconstitution required for protection against radiation disease (19) . With the same reasoning, we can now add that PHSC are also unable to protect against early CMV disease after BMT because in the model presented here it was shown that the fate of the infected recipients is decided by the third week after BMT (Fig. 2) . Since the progenitor cells by far outnumber the PHSC, our data on the expression of SCF-R apparently refer to the size of the progenitor cell pool. Altogether, progenitor cell engraftment is the relevant parameter.
So far, we have discussed the nature of the hematopoietic deficiency but not the mechanism by which CMV causes it. Two previous findings have indicated that CMV-mediated BM aplasia is caused by an insufficiency of the supportive stromal microenvironment. First, myelomonocytic progenitor cells derived from an infected BM cell culture were shown to continue normal proliferation and differentiation upon transfer onto an intact stroma cell monolayer (2) . Second, stromal cells were identified as targets of CMV infection in vitro (reviewed in reference 4) as well as in vivo (29) . The straightforward explanation of a stromal failure being caused by an extensive cytocidal infection of RSC, as suggested by the in vitro studies, did not apply to the in situ infection since the stromal network was not disrupted, the number of infected RSC was low, and the virus productivity was minute (29) . In contrast, there was a clear functional insufficiency of the stroma with regard to the expression of hemopoietin genes, including the gene encoding SCF, the ligand of the SCF-R expressed by the progenitor cells (29) . This finding offers a plausible and attractive explanation for the failure in progenitor cell engraftment.
A lower number of hemopoietin transcripts in stromal cells of infected recipients could be explained by a negative regulation of hemopoietin gene expression and/or transcript stability or by a failure in positive regulation. In either case, the low number of infected cells in BM stroma demands a regulation that is induced by the infection but is operative also in uninfected bystander cells. We initiated the present study in order to decide between the two models illustrated in Fig. 1 , namely the downregulation model and the lack-of-induction model. If negative regulation applies, constitutive SCF gene expression should be high in uninfected stroma and reduced in the infected stroma. If a failure in positive regulation applies, a low constitutive SCF gene expression should be enhanced by transplanted hematopoietic cells only in the stroma of uninfected recipients. The results indicate a higher degree of complexity, but they do answer the main question. Clearly, the constitutive SCF gene expression in uninfected stroma is high and is not further elevated by transplanted hematopoietic cells (Fig. 10) . Thus, a central postulate of the lack-of-induction model is not fulfilled. On the other hand, in the absence of transplanted hematopoietic cells the high constitutive SCF gene expression is reduced by the infection. Thus, a central postulate of the downregulation model is fulfilled. As a consequence, future research will have to identify the postulated negative regulator. This could be a secreted viral product or a cytokine induced by the infection. Regarding cytokines, transforming growth factor ␤1 (TGF-␤1) is induced by CMV infection (24, 30) and is known to inhibit SCF transcription as well as SCF-R transcript stability (7, 15) . However, recent work has provided evidence against a key role for TGF-␤1 in CMVinduced BM graft failure (6) . Specifically, preemptive CD8 T-cell therapy of murine CMV infection was found to restore endogenous hematopoietic reconstitution, even though the induction of TGF-␤1 was not prevented.
While the downregulation model proved to be essentially valid, some modification is now required. We have wondered why the stroma of infected mice was unable to support the engraftment of low numbers of hematopoietic progenitor cells, even though engraftment occurred at higher numbers. The explanation is provided by the recovery of stromal SCF gene expression in response to increasing numbers of transplanted cells (Fig. 10) . Apparently, the hematopoietic cells take an active part in their own survival in that they help the stroma to maintain supportive competence. Since transplanted cells comprise hematopoietic cells of different lineages and in all stages of differentiation, the identification of the stroma-protecting cell as well as the mechanism of stroma protection will be exciting but difficult issues of future investigations. Our studies have already excluded stroma protection by an antiviral effect of the hematopoietic cells. At present we can only speculate that hematopoietic cells may abrogate CMV-induced negative regulation of SCF gene expression by positive counter-regulation or by inactivating the negative regulator.
In conclusion, engraftment of a BM transplant in the presence of CMV infection depends on a sophisticated interplay between the virus, the stromal microenvironment, and the immigrating hematopoietic cells.
